This paper contains evaluated chemical kinetic data on single step elementary reactions involving small polyatomic molecules which are of importance in propellant combustion. The work consists of the collection and evaluation of mechanistic and rate information and the use of various methods for the extrapolation and estimation of rate data where information does not exist. The conditions covered range from 500-2500 K and 1017-1<f2 particles cm -3. The results of the second year's effort add to the existing data base reactions involving CN, NCO and HNCO with each other and the following species: H, }h, H20, 0, OH, HCHO, CHO, CO, NO, NOz, HNO, HNO z , HCN, and NzO. 
Preface

Scope
This is the second! of a series of papers designed to provide information for the quantitative understanding of the chemical kinetic aspects of propellant, or more specifically, nitramine combustion. The general approach is to start with the simplest possible subsystems and build to increasingly complex situations. Thus our earlier efforts in hydrocarbon combustion 2 have generated data dealing with formaldehyde pyrolysis and combustion. This also contains as subsets data pertaining to the HrOrCO combustion system. The first of this series of papers brings into the picture contributions from nitrogenated oxidants such as NO z and N 2 0. In this paper we are concerned with two important and highly reactive intermediates formed in the course of nitramine decomposition CN, NCO and the more stable HNCO species. Together with earlier data dealing with HCN, we have, in ©1992 by the U.S. SecretaI)' of Commerce on behalf of the United States. This copyright is assigned to the American Institute of Physics and the American Chemical Society. Reprints available from ACS; see Reprints List at back of issue. principle at least, the capability of simulating HCN pyrolysis and combustion either by itself or in the presence of formaldehyde. The species that are considered are important players in NOx formation and decomposition processes. Thus there has been a considerable amount of past work in these contexts. An important objective in this work is to extend the existing data into conditions that may be prevalent in propellant combustion systems. This presents a number of challenges which will be discussed in the course of this work.
Our approach is to be as inclusive as possible. Having decided on the important species that should be considered we constructed a reaction grid and examined all possible reactions of these species. In the absence of information a best possible estimate is given. Where information on a particular reaction is not given, the implication is that under the reaction conditions covered in this evaluation the rate constant is sufficiently small so that it can be safely ignored. Thus for example we assume that CO will not react with NCO. The reaction grid containing all the reactions that have been considered can be found in Figure 1 . They represent the past (A and B) present (C) and next set of reactions to be covered (D) . In all cases we give recommended rate expressions over +: Reactions evaluated in current study the temperature range of 500-2500 K and the particle density range of l017-1<f2 molecules/em 3 •
Organization
The data are presented in the same fashion as in the earlier evaluations 1 .2. It is expected that the data pre· sented here will be used in conjunction with those given in the previous publications. A more detailed discussion of many important general issues and justification of pro· cedures used can be found in our earlier pUblication l • In the following, we provide information neccesary for the use of the present data.
The data are presented in three different portions of the manuscript. The first contains a summary of the rec· ommended rate expressions, the estimated error limits and the page where a discussion can be found. The sec· ond contains additional information on the individual re· actions. It includes a summary of past work and the justification for the recommendations. The last contains relevant thermodynamic and transport property data.
Guide to Summary Table
The summary table contains all the recommended rate expressions, the uncertainty limits and the page where a more detailed discussion can be found. In the case of unimolecular processes or the reverse we give results in J. Phys. Chem. Ref. Data, Vol. 21, No.4, 1992 terms of the high pressure limit and closed expressions for k/k", for N2 and CO 2 • The latter is intended to approx· imate the situation with respect to collisional efficiencies in propellant decomposition contexts.
Guide to Chemical Kinetic Data Tables
The information in these tables contains a summary of past work, our analysis of this literature and recommendations on rate expressions and uncertainty limits. We retain the numbering system that we use in our first contribution and to the 14 species, labelled 1-14, add la· bels 15, 16, and 17 for CN, NCO and HNCO. The num· ber 0 is reserved for the collision partner (M) in unimolecular decompositions. It does not take part in the reaction. Since pairs of these numbers form a particular reaction, we now consider reactions of these three com· pounds with all lower numbered species and with themselves. These sequence numbers are at the top left hand comer of all the data tables. This is followed by a state· ment of the elementary reaction and, if applicable, the appropriate equilibrium constant.
In the next row is a synopsis of all previous work. It begins with a listing of the author(s) and the year of publication. In the case of a review, a note is made to this effect and in many cases this is used as a starting point for our efforts. This is followed by a synopsis of the reaction conditions, the derived rate expressions and the uncer-tainty limits. The latter are either given by the author or estimated by the reviewer on the basis of similar experiments. Most of the reactions are bimolecular and the units are em 3 molecule-ts-t. For unimolecular and bimolecular reactions the units are S-1 and cm 6 molecule-2 s-I , respectively. As an aid to the user in those cases where there are an extensive experimental data or for other reasons we also include a plot in the Arrhenius form of the data and our recommendations.
The next section contains the justification for the recommended expression. In the case of unimolecular reactions (or the reverse bimolecular process) there are also two tables. This is due to the pressure dependence of the rate constants under cerlilin conditions. The;: first table contains the ratio of rate constants at a particular pressure and the pressure independent value at sufficiently high pressure assuming strong collisions (deactivation on every collision) and with the molecule itself as the collision partner. The second table contains values for the collision efficiency as a function of the step size down and the reaction temperature. The tabulated results are based on the relation of Troe 3 • At the present time there is uncertainty regarding the magnitude and temperature dependence of the;: step sues. Nu exact predictions call be made and therefore it can be treated as an adjustable parameter. However, in the course of the work on hydrocarhons 2 , some general trends have heen ohserved. We have cast our calculations in this form so that users can utilize their own step sizes. In order to convert these values to those for an arbitrary collider we follow the approach of Troe 6 and derive a correction factor, Mc) = C 2 W/R°.5 where C is the ratio of collision diameters, W is the ratio of collision integrals and R the ratio of reduced masses. In each case we compare collisions of the target molecule with itself and with the bath molecule. Having now corrected for the collisional effects we then mUltiply this factor with the collision efficiency derived on the basis of the step size down and arrive at the total collision efficiency ~(t) = ~( e ) x ~(c). ~(t) is then used to scale the reaction pressure to a value that can be read from the Table. It is necessary to present the data in this form because no one has yet found a closed form relation for the rate constants of unimolecular reaction that is applicable at all temperatures, pressures and collisional partners.
In the following we carry out a sample calculation. It involves the combination of CN radicals at 1100 K in N2 and 1 atm pressure (data sheet 15,15). We begin by calculating the quantities discussed earlier; a step size down of 440 em-I  we find from Table 2 , ~(e)= 0.11. The total collision efficiency is thus 0.097. The number density at 1 atms and 1100 K is 6.7x 10 18 molecules/em 3 • When multiplied by the collision efficiency of 0.097 we arrive at an equivalent density of 6.5 x 10 17 molecules/em'. Then from Table 1 we find 10glO [k/k", 1 = -0.59 or 0.26 of the limiting high pressure value. Note that the transport properties are fcum Ref. 7.
If one specifies the collision partner Troe 3 has found a means of writing a closed fonn expression. The general relations are k ={kok ",l[ko+(k",/M) 
where ko is the second( or third) order rate constant and k", is the first(ur second) order rate constant, M is the concentration of the collision partner and Fe is a correction term called the broadening factor. Although Troe gives methods for calculating Fe on the basis of transition state considerations, we have found it much simpler to derive Fe by comparing the k/k", derived from the RRKM calculations with the Lindemann expression [kok", /(ko+k", /M)] and determining at each temperature the appropriate broadening factor. We find the broadening factor Fe determined in this fashion can be easily expressed as a linear function of the temperature with an uncertainty of no more than a factor of about 1.20. This is well within experimental error. Thus we also present closed expressions for N z and COz as the collisional partner. We suspect that for most applications this can be used directly. Results with CO2 as a collision partner are presented because unlike hydrocarbon combustion systems, where reactions are carried out in a background of N z , propellants carry their own oxidizers. Therefore, the reactive background is a more complex mixture of polyatomic gases. We have chosen CO 2 as a gas with properties that will be representative of such mixtures. We do not believe that this will cause serious errors except at the lowest temperatures where the presence of water may have very serious effects. In the case of C2N2 -Nz at 1100 K given above. we find with Fe = 0.5. k", = 9.4 x 10-12em3molecule-ts-l and ko(N2) = 9.4 X 1O-23(l/T)261, then LoglO (k/k",) = -0.63, in close approximation to the number derived from Tables 1 and 2 given above.
The final section contains the references, the person who carried out the analysis and the date. Hopefully, all the literature on this reaction previous to this date has been reviewed. We will be most grateful to readers who will bring to our attention publications that have been omitted. We will also welcome any and all kineticists who would like to prepare data sheets for inclusion in these evaluations.
Guide to Thermodynamic and Transport Tables
This section contains thermodynamic and transport properties for the molecules of concern. Inasmuch as the values used here are extracted from the JANA.'.F' compilation we summarize the results in terms of a polynomial expression for 10g [K;.] . For the CN radical we have chosen to use a heat of formation of 415.1 kJ/mol. This is the value selected by Colket5. This is about 17 kJ/mollower than the JANAF recommendation. The latter is based on the average of high values near 456 kJ/mol and low values clustering about 415 kJ/mol. In the course of this work we found that the data for cyanogen decomposition in shock tubes, the reverse of CN combination (see 15,15), could not be fitted with the JANAF recommended value. Note that in this instance any discrepancy in the heat of formation of CN is doubled. As a result a 37 kJ/mol higher reaction threshold would have forced the use of a compensating collisional efficiency a factor of 10 higher to match the experimental results, if the decomposition process is still in the second order region. Indeed, it was found that such a large collisional efficiency brings the high temperature shock tube decomposition reaction into the pressure dependent region. As a result a match of the experimental result could never be made. For an even larger value of the heat of formation of CN the situation will be made worse. With the present number a step size down in argon of about 500-1000 cm -1 was required to fit the data. This is very much in line with other high temperature decomposition reactions 2 • Finally for unimolecular decomposition we also include a table of transport properties'. It should be noted that in the cases where such data does not exist we have made estimates using as a basis .the closest comparable molecule.
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Index of Reactions and Summary of Rate Expressions
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Comments
There is surprisingly large scatter in the data at room temperature. It is probably not accidental that all the results leading to lower rate constants are from uv absorption, while with one exception the higher rate constants are from LiF detection of CN. The present preference is for the results with the higher rate constants and the assumption that the results of Lichtin and Lin have now been superseded by those of Sun et al. We have fitted all the existing data on the basis of the rate expression.
with an uncertainty of a factor of 1.6. The temperature dependence of the pre-exponential factor is reasonable. A plot of the results can be found in Figure 1 . Our recommendation is in reasonable accord with that of Baulch except that we have factored into our analysis the more recent lower temperature results. Comments lit II h of the experimental studies involve real time mea-\llIl'ItICllts of OH and eN, In the case of the flow tube C'\l'l'rilllcnts the rate constants determined from both t "dil'OIls are in good agreement. This is very strong evi-,le-Iln' for the reliability of the work. For the shock tube \llIIlics, the rate of initial OH increase is directly related III Ihe process of interest and mechanistic difficulties \hlluld not be important. It is somewhat surprising that 1111' t'Xlrapolated results of Jacobs et al. run into those of \/1' kl' Iy el al. One would have expected some degree of 11Il!.ilivc CUlvature. If one use the results of Jacobs etal. II~ II basc then a T Z dependence for theA-factor will re-1.3 x 10-Uexp( -37551T)
1.2 at 750 K 3 at 2500 K suIt in a rate constant that is a factor of 2.5 higher than that from the shock tuhe study. Indeed, the activation en- However, we assign an uncertainy that range from a factor of 1.2 at 750 K to 3 at 2500 K. Jacobs, A., Wahl, M., Weller, R. and Wolfrum J., "Kinetic Studies of the Reactions of CN with H20 from 518-1027", Chern. Phys. Lett., 144, 203, 1988 . Szekely, A., Hanson, R. K. and Bowman, C. T. "High Temperature Determination of the Rate Coefficient for the Reaction H 2 0+CN-+HCN+OH" Int. J. Chern. Kin., 16, 1609 W. Tsang August, 1989 lS,3CN+O-CO+N Reaction/reference The measured rate constants are large and are in accord with a combination reaction and the rapid decomposition of the hot molecule. The results of Schamatjko and Wolfrum show that the main channel is the production of N atom in the 2D state as opposed to the ground 4S state. The CO is also produced with vibrational excitation. It is expected that these excited states will be quenched in high pressure systems. We accept the recommendation of Louge and Hanson for the rate expression and estimate an uncertainty of a factor of 2. Comments I'hl'rc are no measurements on the rate constants for 1111\ Il·action. Our recommendation is based on our anal-'\" IIf the reverse reaction (13,0). Pressure effects assum-IIl1l1g strong collisions are summarized in Table 1 . The wlli~i()n efficiencies as a function of temperature and \\('p sil.c down are given in Table 2 . For pressure effects '" tht' presence of C02 and Nz use Reaction rate constant k/em 3 molecule -IS-l k~ =2.99 x 10-9 (lIT)5 k (0,N 2 ) = 2,4 x 10-24 (l/Tf.2 exp( -567/T)em 6 molecule -IS-I F c (N2)= 0.95-10-4T
at lower temps and pressures
The uncertainty is a factor of 3 at temperatures above 1000 K and increasing to a factor or 10 at lower temperatures and pressures where the contributions from possible errors in the heat of formation of CN and collision efficiencies becomes more important. 
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Reaction/reference Morley (1976) Haynes (1977) Szekely til al. (1984) Recommendation: There are no direct measurements on the rate constants for these reactions. The work of Morley and Haynes is based on the obselVation of the rate of loss of HCN in flames and depends on an assummed mechanism. We believe that these values are most probably upper limits.
Szekely et al., give their rates as an upper limit since all loss of CN is attributed to this channel. There are two possible reaction channels, (a) abstraction of the OH hydrogen by CN, a very exothermic process or (b-d) a radical combination reaction followed by decomposition of the hot adduct. We have also included the possibility of the hot HOCN isomerizing to HNCO and this can then lead to channel(c) or the production of NH and CO.
with an uncertainty of a factor of 5. Note that this channel will not make any contribution to the rate constant deduced by Haynes or Morley. The important channel is undoubtedly that of combination. We suggest a rate constant of with an uncertainty of a factor of 3. The main problem is the relative contributions from the three possible channels. At high temperatures and ambient pressures the hydrogen ejection channel is probably the most important. We therefore recommend that we associate the recommended rate constant with this process. This is due to the exothermic nature of the process OH + CN-+NCO + H.
However, the energetics of the HOCN will determine whether some of it may be stabilized. In the absence of high pressure unimolecular data, estimates cannot be made. In addition there is also the possibility of isomerization of HOCN to HNCO and the decomposition of the latter. Here again the absence of thermal data prevent estimates. Finally, if HNCO is formed the decomposition channel to NH and CO must be considered. The present recommendation must therefore be used with great caution. 
Comments
There are no kinetic data on this reaction. The overall reaction is extremely exothermic. It is highly likely that either abstraction or combination followed by rapid decomposition of the hot adduct will ultimately lead to the lxlO-IO 2 same products. The recommended rate constant is a reflection of the latter and the usually large rate constants for such reactions with formyl.
W. Tsang March,1990 15,9 CN (295,3.3 x 10 17 ) = 0.6 X 10-12 pulse laser photolysis.
k. (771,3.8 x 10'7) =, x 10 -, .. 1.6 Detection with LiF 2480-3160 100 ppm C Z N2 kt.= 1.6 x 10-10 exp( -21200/T) 2 100-700 ppm NO In 3.4 x 5.4 x 10 18 Ar in shock tube experiments N and 0 detection viaARAS. Colket(1984) 2240-2955 0.1-0.5% CzNz and 0.8-
7% NO in 1.1-2.7 X lOl8 Ar kb = 1.7 x 10-lo exp( -21190/T) 3 In shock tube experiments. Reaction followed from CN absorption behind incident shock Li et al. (1985) 298 2-12 X 10 16 NO, 2x 10 16 k,,-1. Mulvihill and Phillips (1975) 1500 5 x 10" total density from kc (1500) 
Recommendations
Comments
The earlier results: involving studies on complex systems postulated a very rapid exothermic eN + NO reaction proceeding through a 4-centered transition state and the formation of eo and N2, (kc: Setser and Thrush, Boden and Thrush, Mulvihill and Phillips). More recent investigations on better characterized systems have failed to reproduce the very large rate constants and demonstrated a pressure dependence that is inconsistent with a straightforward bimolecular reaction. Mechanistically, the high temperature shock tube studies have shown that the interaction of eN and NO leads: to the formation of o and N atoms that destroy the eN. All of this cast seri--10.500·,-----'.,-11.000· , .
. Although Colket and Natarajan and Roth assign a rate expression for kc, it appears that their measurements are not particularly sensitive to this process. All that can probably be said is that the rate constant they give is probably an upper limit. Indeed it is possible to question whether the four-center process occur at all. Certainly the value given by Colket invalidates the interpretation of the lower temperature measurements on eN disappearance as derived from this process. The measured rate constants are quite large for a combination process involving such small species and forming only a 200 kllmol bond. In order to fit this result a very large high pressure rate constant as well as very large step size for reaction at room temperature in argon is required. The latter situation is contrary to most other sys-terns that we have fitted. It is however very reminiscent of that with OH + NO and Sims and Smith have discussed the possibility of multiple reaction channels in the combination process. In order to fit the temperature dependence observed by Sims and Smith and Wang et al. it is necessary to assume that the step-size down is decreasing with temperature. This is also contrary to other systems. The present results must therefore be regarded as an empirical fit of the data. Fortunately, the direct measurements in N2 mean that the recommendations of rate constants in the presence of N z are probably of high reliability and the estimated uncertainty is a factor of 1.5. However the values in the presence of CO 2 may be subject to larger errors and an uncertainty of a factor of 3 is assigned.
The results of the RRKM calculations using the high pressure rate expression;
with an uncertainty of a factor of 3 are given in Tables 1  and 2. Near 1500 K there is a shock tube measurement (Dorko, E. A., Flynn, P. H., Grimm, U., Scheller, K., and Mueller, G. H., J. Phys. Chem., 81, 811, 1977) of ONCN decomposition. Unfortunately experimental problems related to the handling of ONCN led to data of large scatter and uncertain quality. In addition. and probably more serious, the analytical method involving infra-red emmisions suffer from interferences. The results are therefore not consistent with any reasonable extrapolation of the step sizes down in argon that we have used at lower temperatures.
For reactions in the presence of N2 and C02 we recommend the following rate expressions; Wang et al. (1989) 297-740
Recommendations
Comments
The recent work of Wang et al. leads to rate constants that are in the expected range for a radical combination reaction. The chief uncertainty is whether it is possible to form the stable adduct OzNCN. No such compound has ever been detected and it is expected that the N-C bond will be very weak. If it is formed in this reaction a pressure dependence would have been expected. The independence of the rate constant with respect to pressure leads to the conclusion that a rearrangement musl uccur.
The most likely products are as given above. The recommendation is the rate expression of Wang et al. or other situations the combination process will be predominant. We do not assign an expression for channel(c). There is really no direct evidence for its occurrence. There have been no measurements on the mechanism and rate constant for this reaction. In view of the exothermicity it must be a very rapid abstraction process. We therefore recommend '''liner is still about a factor of 1.8 higher than that of I I ,., "/, The general !!ituation i!! !!triking similar to that f'l, ('N I 11 2 (15,2). Our recommendation is the rate ex-,I'I'"joll given by Yang et al.
, hi, IS hased on a transition state fit of their data and that .. , """"dy (·t at. and thus covers the range of 300-3000 K.
I hI' IIl\lwlainty is estimated to be a factor of 1.5 over the tn"l't'nihuc range of 300-740 and up to a factor of 4 at , 729, 1986) leading to a heat of formation .. , ( 'N of 455 kJ/mol. This is 40 kJ/mol higher than the tnulIlIllcndcd value used in the course of the present ,,, .. th,\jo; and is equivalent to a factor of 4 in the rate con-.t.llt A summary of the experimental situation can be '1I1I1Id in Fig. 1 .
Reaction rate constant k/emlmolecule -I S -l Uncertainty 2,5 x 10-17 TI,7Iexp( -770/T) 1.5300-740 K increasing to 4 at 3000 K We recommend their determination of W. Tsang Septemher, 1990 Reaction rate constant k/cm3molecule -IS-I 1 X 10-12
Uncertainty 3 from flash photolysis.
Detected via absorption
Recommendation
Comment
The only measurement on the rate constant for this reaction is that of Basco et al. On the basis of our RRKM calculations the reaction must be very close to the high pressure limit at room temperature. However, the reported rate constant is very small for a radical combination reaction near the high pressure limit. This is probably due to errors in calibrating the second order decay of CN in this system. We believe that a more likely number will be an order of magnitiude larger. Note that although CzNz is a small molecule the large bond energy moves the fall-off region into much lower pressures. There are extensive high temperature data on C z N2 decomposition in argon. Results are summarized in Fig. 1 Rate constants for the reverse can be calculated through the equilibrium constant. There is, unfortunately, considerable uncertainty about the value of the heat of formation of CN. We have not been able to satisfactorily fit the decomposition data on the basis of the recommended heat of formation of eN (Stull and Prophet, "JANAF Thermochemical Tables", NSRDS-NBS 37, US Government Printing Office, Washington, DC 20402). Instead we have used a number that is 17 kJlmol smaller as deduced more recently by Colket (Int. J. Chem. Kin., 18, 353, 1984) . The results of RRKM calculations for strong colliders can be found in Table 1 . Collision efficiencies as a function of temperature and step-size down can be found in Table 2 .
For N2 and C02 as the third bodies we recommend the following rate expressions with an uncertainty of a factor of 3 k ... =9.4x 10-12 k(O,N 2 ) =9.44 x lO-23(1/T)2.61 cm 6 molecule-2 s-1 Fc=O.S k(O,COl) = loSe x 1O-22 (lIT)l.62 cm6molecule-l s-1 Fc=O.S
The estimated uncertainties are a factor of 3. Note that these recommendations are based on the fits of the high temperature decomposition data for C 2 N 2 in argon and then scaled appropriately for N2 and C02. Temp(K) 500 1.2x 10-1 2.7 x 10-1 4.6 x 10-1 6.6 x 10-1 8.0 x 10-1 700 7.5 X 10-2 1.8 x 10-1 3.6 x 10-1 5.6xl0-1 7.4 x 10-1 900 5.0x10-2 1.3xlO-1 2.9 x 10-1 4.9 x 10-1 6.8 x 10-1 1100 3.6xlO-2 1.0xlO-1 2.3 x 10-1 4.2 x 10-1 6.2 x 10-1 1300 2.6 x 10-2 7.8 x 10-2 1.9 x 10-1 3.7x 10-1 5.7xlO-1 1500 2.0 x 10-2 6.2 x 10-2 1.6 x 10-1 3.2xlO-1 5.3x 10-1 1700 1.6 x 10-2 4.9xlO-2 1.3xlO-1 2.9 x 10-1 4.8 x 10-1 1900
1.2xlO-z 4.0 x 10-2 1.1 x 10-1 2.5 x 10-2 4.5 x 10-1 2100
LOx 10-2 3.3X 10-2 9.5 x 10-2 2.2 x 10-2 4.1 X 10-1 2300 8.2xlO-J 2.8X 10-2 8.1 x 10-2 2.0 x 10-2 3.8x 10-1 2500 6.8x10-J 2.3 x 10-3 7.0 x 10-2 1.8 x 10-2 3.5 
Comments
There are no direct measurements on the rate constants for this reaction. Nevertheless the rate constants derived from modeling experiments employing different diagnostics are not in gross disagreement. In all the experiments the quantity that is determined is the ratio k (NCO + O)/k. The results are summarized in Fig. 1 . We Imve converted this ratio into the desired rate constants through use of our recommendation for k(O+NCO). Thus there are small differences between the numbers given here and those actually published. The rate expression for this process is highly uncertain.
The activation energy determined by Higashihara et 01.
l'annot be correct since it is below the lowest possible reaction barrier (even after taking into account the fact that the decomposition process is at the low pressure limit). For the present analysis we have weighted the two studies equally and derived the best fit through these points. The result is the rate expression: However, as can be seen from Fig. 1 the data has a large scatter and there is a statistical uncertainty of 40 kJ/mol in the activation energy. Thus large uncertainties are expected if the data is extrapolated over large temperature ranges.
If this rate expression is accepted at face value then it is possible through RRKM calculations to determine the reaction threshold and the step size down. For the former we find a reaction threshold of 244 kJ/moi. The implication is that the reverse NeS) addition reaction with CO has a barrier of 39 kJ/mol. This is compatible with the spin forbidden nature of the reaction. On this basis and assumming that the effect of N2 and CO 2 substitution are similar to that found for N20 (14,0) in this temperature range, we recommend the following limiting low pressure rate expression with these colliding partner:
with an uncenainty of a factor of 2 in the temperature range of 1800-2400 K and increasing to an order of magnitude at 1000 K.
An important question is the range of applicability of these limiting "low pressure" rate expressions. Unfortunately, there are no data on the high pressure rate expression and thus it is not possible to assign pressure dependence in a concrete manner. We have carried out RRKM calculations assuming a "normal" transition state with an A -factor in the 3 x 10 13 s -lrange. It appears that within the constraints set by the uncertainties given above the expressions can be used at pressures up to 1(}"300 atms in the temperature range of 1000-2500 K. The recommendation is based on the direct measurements of Perry. The technique is well established and the A -factor is in the expected range. The results of Louge and Hanson suggest a strongly curved Arrhenius plot. In view of the large extimated uncertainty we have assummed a T2 dependence for the A -factor and derived, the rate expression
.44 x lO-18T 2 cxp( -3030/T)cm 3 molcculc.,..ls-1 with an uncertainty of 1.3 from 400 to 1000 K and increasing to a factor of 2 at 1500 K.
A plot of experiments and recomendation can be found in Fig 
There are no measurements on the rate constants for this reaction. However on the basis of our recommendation for the reverse reaction (17,3) 1.1 x 10-18 T 2 cxp( -1290IT)cm 3 molecule -IS -1 and the equilibrium constant for this reaction we calculate k(NCO+H 2 0--'»HNCO+OH) = 3.9 x 10-19 T2.17exp( -3046IT) cm 3 molecule-1 s-1
Unfortunately there are uncertainties of 10 la/mol in the heat of formation of HNCO and NCO. This means 
There are two possible channels for this reaction. The first channel must involve combination followed by the rapid decomposition of the adduct. One expects a very large rate constant and the experimental measurements, although none of them are truly direct, are commensurate with our estimate. We therefore recommend with an uncertainty of a factor of 2. From much more complex systems, Lifshitz and Frenklach (Int. J. Chem. Kin., 12, 159, 1980) and Mulvihill and Phillips (15th Symp. (Int.) on Combustion 1113, 1975) , have estimated rate constants of 3.3 x 10-11 and 1.7 x 10-11 cm 3 molecule-1 s-1 , respectively. This can be considered to be satisfactory agreement.
There is also the possibility for the formation of CN and O 2 , channel (b). In this case, the rate expression for the reverse reaction is well established at 2.5 x 10-11 (298/ T).5 cm 3 molecule-1 s-1 (Sims and Smith, Chem. Phys. Lett. 151, 481, 1988) . Then, through the equilibrium constant, we obtain: with an uncertainty of a factor of 5 at temperatures in excess of 2000 K and increasing to a factor of 20 at 1000 K. The magnitude of these values is dictated by that of the thermochemistry. On the basis of these values it is clear that k. > 15kb, where the equality is most closely approached as the temperature is increased. 
The main process involves the addition of a hydrogen atom to the NCO radical and then the decomposition of the chemically activated HNCO. The large rate constant determined by Louge and Hanson is indicative of this process. There is also the possibility the the hot HNCO radical can be stabilzed at sufficiently high pressures. Unfortunately, there are no high pressure data on the decomposition of lINCO to HN and CO. Furthermore, the reaction is spin forbidden. There is very little basis for prediction. For the present purposes we have made rough ItRKM calculations assuming a variety of transition states. On a strong collision basis it would appear that at SOO K stabilization effects may be important at pressures in excess of 5 atms. At 2500 K the limit is about 100 atm. Since these are strong collision values it appears that at temperatures above 1500 K stabilization cannot be important under any conditions. A third process involves the displacement of the 0 atom. This is readily calculated from the recommended with an estimated uncertainty of a factor of 3 at 2500 K and larger at lower temperatures. Note however that while this process has a rate constant that is about onethird that of (a) at 2500 K it becomes much less important as the temperature is lowered. Tsang September, 1990 Reaction rate constant k/cm 3 molecule-l s-1 
There are no data on the mechanism and rate con~ stants for the interaction between the NCO radical and OH. Undoubtedly the combination of the two radicals is an important process and we expect that a typical oxime N~OH type bond will be formed with an energy of about 220 kJ/mol. Miller et al. (20th Symp. (Int.) on Comb\1stion, 673, 1984) have postulated that this will be followed hy a rapid 1.3 hydrogen shift leading to the formation of H,CO and NO. We do not believe that this is a likely possibility. Saito eta!. (J. Phys. Chern., 92, 4371,1988) have found that the preferred direction for formaldoxime decomposition is to form H20 and HCN with an activation energy of about 200 kJ/mol and that there is no evidence for a 1,3 shift to form CH3NO (analogous, but more exothermic, to the HCONO in this case). They also presented theoretical results that show that the barrier to this process is of the order of 300 kJ/mol. Equally important, from studies on the reaction between HCO and NO, Langford and Moore (J. Chern. Phys. 80, 4204, 1984) have convincingly demonstrated that the most likely de· composition products of the HCONO complex are CO+HNO.
On this basis we suspect that a stable HONCO moiet) is formed, we estimate that the high pressure rate con· stant will be 1.7 x 10-11 cm 3 molecule-t s-t with an uncer· tainty of a factor of 2. RRKM calculations have beel1 carried out to determine the pressure dependence and these can be found in Tables 1 and 2. 2.5 x 10-2 7.5 x 10-2 1.9 X 10-1 3.6x 10-1 5.7xlO-1 1300 1.7 x 10-2 5.4 x 10-2 1.4 x 10-1 3.0xlO-1 5.0xl0-1 1500 1.2 x 10 2 3.9x 10 2 1.1 X 10-' 2.5 x 10-' 4.4xlO-' 1700 8.4 x 10-3 2.8xl0-2 8.3xl0-2 2.0x10-1 3.8x10-1 1900 6.0xl0-3 2.1 x 10-2 6.3xl0-2 1.6 x 10-1 3.3 x 10-1 2100 4.4 x 10-3 1.5 x 10-2 4.9 x 10-2 1.3xlO-1 2.8x10-1 2300
3.2x 10-3 1.2 x 10-2 3.7xlO-2 1.1 X 10-1 2.4x10-1 2500 2.4 x 10-3 8.6 x 10-3 2.9 x 10-2 8.4xlO-2 2.0 x 10-1 For N2 and C02 as the third bodies we recommend the Fc=O.5 ('hannel(a) is an exothermic abstraction process. The recommended rate exPression is based on the recommendation for the reverse reaction (17,3) and through the equilibrium constant. This leads to
Due to the large uncertainties in the heats of formation of NCO and HNCO there are possibilites of large uncertainties. However a rough lower limit can be set by the rate constants for the reaction NH2+0H~NH3+0 which can be derived from the very reliable values of the reverse reaction (OH + NH 3 , Cohen, Int. J. Chern. Kin., 1987,19,319) and the equilibrium constant. This leads to t he following rate expression. 
Commenta
There are no measurements on the rate constant for this process. This is, however, a very exothermic reaction. We therefore recommend a large rate constant appropriate for an abstraction process with neglible barrier.
A plot of these results can be found in Fig. 1 . On the basis of the smaller exothermicity it is tempting to consider this as a lower limit. The overall uncertainty is a factor of 5 at temperatures in excess of 1000 K.. This value can be. expected to be larger at lower temperatures, where fortunately the combination reaction will be more important. 
Comments
There are no data on the mechanism and rate COnstant for this reaction. In view of the extremely weak H-CO bond and the corresponding tendency for disproportionation of radical reactions with HCO, it is suggested that the same process occurs in this case. The rate constant is slightly reduced from that of CN + HCO to reflect effects arising from the more complex NCO structure and smaller exothermicity. 16, 9 NCO+ NO > N%O +CO (8) and kalka+b+c = 0.33 ± 0.06 ktJka+b+c = 0.44 ± 0.06 kJka+b+c = 0.23 ± 0.09 independent of temperature. The mechanism must in valve the combination of the two radicals followed by tb decomposition of the hot adduct. 771, 1992 Iiallcock, G. and McKendrick, K. G., "Vibrational Relaxation of NCO(X) by Rare Gases and Rate Constant Measurement of the NCO + NO Reaction" Chem. Phys. Lett., 127, 125, 1986. 16,10 NCO+N0 
There are no data on the rate constant and mechanism (If this reaction.
The estimated rate constant is based on the assumpt ion of a radical combination process followed by the del'Omposition of the hot molecule. The main reaction involves combination to form the N -N bond, and a rapid 1.J shift of the oxygen atom to the carbon as appears to he the case for ONNCO (see 16, 9) . In the case of the demmposition of nitro-organics there are always contribut i()n~ from an isomerization channel to form the nitrite. 
There have been no measurements on the mechanism and rate constant for this reaction. In view of the exother-III icity of the abstraction channel and the possibility that the same results may arise from an addition and decomposition pathway, the rate constant must be very large and we recommend 16,12 NCO + UNO: -l> UNCO + N0 1
Conditions
Reaction/reference T range/K [M] range/em 3 Ikcommendation:
Comments
There are no measurements on the rate constant for this reaction. The reaction is undoubtedly an exothermic I :111 hough less so than the reaction with RNO (16,11)] abstraction process. Accordingly we estimate k (NCO + HN02 -+ HNCO + N02) = Perry, R. A., "Kinetics of the Reactions of NCO radicals with Hz and NO Using Laser Photolysis and-Laser Induced F1uroescence, J. Chem. Phys., 82, 5485-5488, 1985. W. Tsang September, 1990 Reaction Rate Constant k/cm 3 molecule -IS-1 k.+b"'3xI0-11 k,,/k. =O.2 Uncertainty 3 3
In the present case this will lead to channel (b). The recommendation~ are therefore k a + b =3 X 10-11 cm 3 molecule-1 s-1 kJka=0.3
with an uncertainty of a factor of 3 for both values. 
There are no measurements on the rate constant and mechanism for this reaction. We have derived the following rate expression, 
There are no measurements on the rate constant and mechanism of this reaction. This cannot be a fast reaction. Hancock and Mckendrick (Chern. Phys. Lett., 127, 125, 1986 ) used N2U to deactivate vibrationally excited NCO and studied its reaction with NO in the presence of 1.7 x 10 17 molecule cm-3 N20. This sets an upper limit of 16, 15 
There are no data on the mechanism and rate constant for this reaction. The main process is probably combination of the two radicals with a rate constant of, k(NC+NCO-+NCNCO) = 3 x 10-11 cm 3 molecule-1 s-1 with an uncertainty of a factor of 3. Although NCNCO has been synthesized (Mayer, Monatsh Chern., 101, 834, 1970) and there are structural (Hocking and Gerry, J. C. S., Chern. Comm., 47, 1973) and vibrational frequency (Devore, J. Mol. Spec., 162,287,1987) 
There are no measurements on the mechanism and rate constant for this process. If we assume that this is a standard radical combination processes, then there can he little doubt that the newly formed adduct will rapidly decompose to form nitrogen and carbon monoxide. We therefore recommend Kajimoto et al. (1985) 2100-2500 0.1-2% HNCO in 2.5-7 x lOIS Argon HNCO disappearance at 206 run and NH production at 336 run 2.8 x 10-7exp( -48379/T) 3 Rccommendation:
The three different experiments using completely different diagnostics are in excellent agreement. The results are plotted in Fig. 1 .
Wu et a1. using ARAS detection of H-atoms also detected a minor hydrogen atom channel. For most purposes this is probably not very important. Since their hranching ratio originated from totally different experiments we are uncertain of the accuracy. A serious problem in extrapolating these results to a wide range of pressures is the lack of any knowledge regarding the high k(0.N2) =-3.6 x W(1/T)3.1 exp( -51280/T) k(O,~) = 5.13 X 104(1/T)3.06 exp( -51240IT) k ~ = 6 x 10llexp( -50228IT) S-I F.= 0.9-2 x 1O-4T for CO2 and N2 2 pressure rate expression. This is compounded by the main reaction channel being a spin forbidden process. In our first attempts at modeling these reactions we found that with reasonable step sizes and a high pressure A -factor near that for N20 there should be a marked pressure dependence. Since the work of Mertens et a1. covered a considerable pressure range and no pressure dependence was observed it would appear that a higher A -factor may be more appropriate. In the present analysis we have chosen a value sufficiently large so that within the experimental spread of the results of Mertens et al. no pressure effect would have been discerned and adjusted other parameters to reproduce their rate expression. The results of our RRKM calculations can be found in Tables 1  and 2 .
It should be noted that we will in fact be over predicting any pressure effect. Therefore the tables are given merely for cautionary purposes. For most purposes it will be sufficient to use the limiting low pressure rate expression. Due to the high activation energy of this process decomposition can be important only at high temperatures.
Assuming that at these temperatures rate constants for N z and C02 are factors of 1.6 and 3.2 larger than that for argon leads to the following rate expressions: with an uncertainty of a factor of 2. The assummed high pressure rate expression is; k", = 6 x 1013exp( -50228/T) S-1 and the corresponding Fe values are for both N2 and C02. The reader is warned again that the predicted pressure effects are rough limits and that pressure dependences may not occur until much higher pressures. Mertens etal. (1991) 2120-3190 0.0.5-0.5% HNCO and k.=3.2x 10-u exp( -715o.fT) 0.074-0.253% NzO in kb=2.3x 1O-IO exp( -10300fT) 0..7-3.5 x 10 18 Ar in shock tube experiments. Reactions followed by thin line laser absorption at 336 nm (NH) and 307 nm (OH). Rate constants from kinetic modelini. Tully et al. (1985) 679-741 Oz (or NzO), NO k.+b =5.4x 10-1Z exp( -S200IT) and HNCO in 6.6-26 
--Wu
Comments
There are no direct studies on the rate and mechanism for this reaction. There are essentially two processes, addition, followed by decomposition of the hot H2NCO radical, and abstraction of the hydrogen.
For the former, Miller et al. (20th Symp. (Int.) on Combustion, 673, 1984) have given an estimate for the temperature range 1100-1400 K of 3.33 x 10-11 exp( -1510/T) cm 3 molec-I s-1 and used it, along with many other reactions, to model a low pressure H 2 -O Z flame. The results do not appear to be particularly sensitive to this process. The rate expresson is close to that for H + ketene (1.9 x 10-11 exp( -1715/T); Michael et ai., J.
Chern. Phys., 70, 5222, 1979) and H + HN3 (2.6 x 10-11 exp( -2300/1"); LeBras and Combourieu, lnt. J. Chem. Kin., 5, 559, 1973) . Our recommendation is very close to these values or, k(H + NHCO ~ NHz + CO, NH 2 CO) = 5 x lO-l1exp( -2300/T) cm 3 molecule -IS-1 with an uncertainty is a factor of 3 for temperatures greater than 1000 K. However at lower temperatures the W. Tsang November, 1991 Reaction rate constant klcm3molecule -IS-I k. = 5 x lO-Uexp( -2300/T) kb =4.8x 10-17 T1.8lexp( -8332IT) larger at lower temperatures Uncertainty 3 > 1000 10 at lOOOK uncertainties in the activation energy can lead to very large uncertainties in the rate constants. At room temperature this may be as much as 2 orders of magnitude. Under high pressure conditions and sufficiently low temperatures the HzNCO radical can be stabilized. We have carried out RRKM calculations in order to arrive al some estimate of the relative importance of these twe channels. These calculations are based on the reverse oj the rate expression given above or k(NHzCO ~ H + HNCO) = 5 X 10 12 exp( -20500/T) S-1 and k(NH 2 CC ~ NH z + CO) = 10 13 exp( -l6000/T)s-l. The latter i! different from the rate expression k (NH2CO ~ NH: +CO) = 5.9 X 10 1 1. exp(-l2500/T)s-l reported b~ Yokota and Back, (Int. J. Chem. Kin., 5, 37, 1973) aoc was derived from a very complex experimental situatioI amI impli~s thruugh the thermochemistry that the NIl addition reaction with CO proceeds with no activatiOl energy. We have assigned an activation energy for thi: process that is of the same order as CH 3 + CO. The re suits of RRKM calculations assumming strong collision can be found in Table1. It should be noted that the stabi lization reaction is only important at lower temperature since at higher temperatures the stabilized molecule wi] rapidly decompose. Due to the uncertainties in the ratl TABLE 1. log (k(dec)/(k(dec) +k(stab))) for the reaction H+HNCD-+NH2+CO (decomposition) and H+HNCO ..... NH 2 CO as a function of temperature and pressure assuming strong collisions k(H + HNCO ~ H2 + NCO) = l'''pressions used in these calculation we present only the strong collision values. They can serve as a basis for estimating when stabilization may be important. Note that this is a maximum pressure with respect to stabilization. and the actual pressure where stabilization can occur is probably higher. For most purposes the recommended rate expression refers to the decomposition process.
4.8 x 10-17Tl.81exp( -8332/T)cm 3 molecule-1 s-1
The estimated uncertainties are a factor of 10 at 1000 K and much larger at lower temperatures and is largely due to the uncertainties in the thermodynamics.
'I'here is also the possibility of direct abstraction. This can be derived on the basis of the recommendations for the reverse reaction and leads to the rate expression, W. Tsang September, 1990 17 
